Abstract In Saccharomyces cerevisiae, a recessive mutation in the signal transducer encoded by GAL3 leads to a significant lag in the induction of GAL genes, referred to as long term adaptation phenotype (LTA). Further, gal3 mutation in combination with other genetic defects leads to the non-inducibility of GAL genes. It was shown that the expression of GAL1 encoded galactokinase, a redundant GAL3 like signal transducer, eventually substitutes for the lack of GAL3 signal transduction function. However, how GAL1 gets induced in the absence of GAL3 is not clear. We hypothesize that GAL1 induction in gal3 cells exposed to galactose is due to a stochastic decrease in the repressor, Gal80p concentration, leading to heterogeneity in the population. This observation explains not only LTA observed in gal3 cells but also explains the non-inducibility of gal3 mutants in combination with other genetic defects. By recruiting a dedicated signal transducer, GAL3, S. cerevisiae GAL switch has evolved to overcome the fortuitous induction, which occurs due to low signal to noise ratio in certain mutants of Escherichia coli and Kluveromyces lactis.
Introduction
Galactose metabolism through Lelior pathway is evolutionarily conserved. In microorganisms such as Escherichia coli and yeast, the Lelior enzymes are expressed through a transcriptional switch, which responds to the pathway substrate galactose [1, 2] . These switches constitute a complex interplay between various species of regulatory components involving molecular mechanisms such as cooperativity and autoregulation [3] [4] [5] . Due to this complexity, the performance of these switches is likely to be susceptible to various perturbations. For example, Kluveromyces lactis strain defective in galactose-1-phosphate uridyl transferase constitutively expresses genes of GAL regulon [6] . However in E. coli, galactokinase mutant shows constitutive induction of the GAL operon [7] . Mutations in any of the GAL structural genes do not lead to constitutive expression in Saccharomyces cerevisiae. However, mutation in a signal transducer, GAL3, gives rise to a unique phenotype referred to as long term adaptation phenotype [8] . During LTA, gal3 strain takes as many as two to three days to start utilizing galactose as compared to wild type, which takes only few hours. It was shown early on that gal3 strain acquires this ability to utilize galactose not because of a secondary mutation [9] , implying that the underlying cause is epigenetic. The molecular basis of LTA has not been satisfactorily explained till date, despite numerous studies conducted on GAL switch (reviewed in [2] ).
Epigenetic changes can bring about transient alterations in gene expression or can start a new genetic program [10] . These changes in gene expression are brought about by regulating transcription, due to the complex interplay of a plethora of activators and repressors. Fluctuations in any of these factors can perturb the system resulting in multiple steady states and as a consequence alternate phenotypes can be established [11] [12] [13] . Therefore, it is crucial that daughter cells receive appropriate amounts of these factors during cell division [14] . Unlike genetic factors, transmittance of epigenetic information from the parent to the daughter cell does not obey Mendalian rule. Therefore, there are finite chances that daughter cells receive different amounts of these factors purely on stochastic basis. Such stochastic events commonly referred to as ''molecular noise'' become more significant in smaller systems [15, 16] and is the primary cause in cell-cell variations observed in isogenic cell populations [17] . While the above phenomenon has been demonstrated at theoretical [18] , numerical [19, 20] and experimental level [21] , its occurrence under natural conditions has not been explored.
For a molecular noise to result in a new phenotype, either there has to be a mechanism for the amplification of the noise to signal ratio or the regulatory network has to be sensitive enough to respond to the molecular noise or both. Typically, genetic regulatory networks are degenerate and have evolved complex multiple feed back circuits, which impart robustness [22, 23] thereby resisting a change arising due to molecular noise. In contrast to the above, we demonstrated that the GAL genetic switch of S. cerevisiae is exquisitely sensitive to changes in the relative concentrations of regulatory factors and system parameters [24] .
The current understanding of the molecular mechanism prevailing in GAL genetic switch is as follows [2] . GAL switch consists of a signal transducer (Gal3p), repressor (Gal80p) and a DNA binding transcriptional activator (Gal4p) (Fig. 1 ). Gal80p is a nucleocytoplasmic shuttle protein, whereas Gal3p is exclusively a cytoplasmic protein [25] . Gal4p binds to the upstream activating sequences of the structural genes. When wild type cells grow in a neutral carbon source (carbon source that neither represses nor induces the GAL genes) such as glycerol, 86% of the total Gal80p concentration of 0.05 lM resides in the nucleus and is sufficient to inhibit 5.4 nM Gal4p [24] . When galactose is added to such a culture, it activates Gal3p to sequester 99.9% of Gal80p thus reducing the effective concentration of Gal80p in the nucleus, to turn on the switch [24] . This facilitates Gal4p dependent transcriptional activation of structural genes (mainly GAL1, GAL7 and GAL10), whose products convert galactose to glucose 1 phosphate that eventually enters glycolysis (Fig. 1) .
This switch is complex and exhibits a range of regulatory properties such as cooperativity [4] , dimer-dimer interaction [26] , autoregulation [3, 5] , degeneracy [27] , nucleocytoplasmic transport [28] , thus, making it more likely to be vulnerable for molecular noise. Therefore, we attempted to find out whether LTA is a consequence of molecular noise being sensed by a sensitive regulatory network. Our analysis shows that molecular noise caused due to the stochastic fluctuation in the concentrations of Gal80p is the underlying molecular basis of LTA. This also explains the non-inducible phenotypes exhibited by gal3 cells in combination with other genetic defects. Further, our analysis indicates that S. cerevisiae has evolved a near perfect and reliable switch, which surpasses the performance of E. coli and K. lactis GAL system.
Recent model of GAL genetic switch: a turn around
In case of gal3 mutant, even in the presence of galactose, the switch should remain inactive, since sequestration of Gal80p is not expected to occur. If so, how does gal3 strain eventually turn on the switch to exhibit LTA? It was demonstrated that galactokinase encoded by GAL1, the first enzyme of the galactose catabolic pathway, has Gal3p signal transduction activity [29] , which eventually substitutes for the absence of Gal3p. Since GAL3 function is necessary for GAL1 expression, the molecular basis of how Gal1p eventually gets induced in a gal3 strain is not understood.
The understanding of molecular basis was further complicated by the previous discovery that gal3 strain in combination with other genetic defects caused non-inducibility, suggesting that functions other than GAL1 are also necessary for the establishment of LTA. For example, a gal3 strain lacking mitochondrial function [30] or defective in the galactose cata- 
Glu

GAL10
Mitochondrion
Glu-6-P
Ethanol
Glycerol
Mutase
GAL5
Epimerase
Transferase
GAL7 Kinase
GAL1
UDPGal UDPGlu
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bolic pathway [31] cannot turn on the GAL switch in response to galactose. These results clearly point out that the fundamental defect in gal3 strain or in a gal3 strain bearing the above genetic defects is either a delay or an inability to turn on the expression of GAL1, which is an alternative signal transducer. This is supported by the observation that the long term adaptation or the non-inducibility of GAL switch observed in the above cases can be circumvented by ectopic expression (independent of the GAL switch) of Gal1p [32] . Therefore, the important questions are (i) how does GAL1 encoded galactokinase get induced eventually in a gal3 strain? (ii) why galactokinase is not induced at all, if gal3 mutation is associated with a defect in mitochondria or a defect in galactose catabolism? Recently, it was demonstrated that SRB10 mediated phosphorylation of S699 of Gal4p is yet another Gal3p independent degenerate pathway which is essential for induction when the signal is weak [27] (see Fig. 1 ). In light of the above, it was proposed that in a gal3 strain growing on galactose, Gal80p bound to Gal4p could slip from Gal4p at a low frequency in a spontaneous manner, thus generating a low induction signal. Should this occur, phosphorylation of S699 of Gal4p by Srb10p would ensue and as a consequence GAL1 would get transcribed in a Gal4p dependent manner, thus overcoming the block in the signal transduction pathway. Accordingly, a gal3srb10 strain is unable to induce the GAL genes in response to galactose [27] . We know that Gal80p is a nucleo-cytoplasmic protein and does not remain bound to Gal4p upon induction as has been thought earlier [33, 34] . Furthermore, the shuttling and interaction of Gal80p with Gal3p and Gal4p is an equilibrium process. Thus, the model that Gal80p spontaneously slips at low frequency from Gal4p [27] is not tenable.
Heterogeneity in gal3 cells with respect to Gal80p
concentration: key for LTA We hypothesize that LTA is due to a decrease in Gal80p concentration below a threshold required to keep the GAL system off because of a combination of intrinsic and extrinsic noise or both, resulting in LTA. It is reported that deletion of GAL80 makes GAL3 function dispensable leading to constitutive induction, while overexpression suppresses normal function of GAL3 leading to non-inducible phenotype (reviewed in [2] ). However, the consequence of different intermediate steady state concentrations of Gal80p in a gal3 strain is not known. This information is the key for understanding how alternate signal transducer responds to galactose. We first simulated the effect of decrease in the total Gal80p concentration on the expression of Gal1p in gal3 strain growing in a neutral medium, i.e., in the absence of galactose. As the steady state total Gal80p concentration is reduced, the nuclear Gal80p concentration decreases to maintain a constant nucleo-cytoplasmic distribution coefficient [24] . This results in transcription of GAL1 (Fig. 2 , curve ''a''). In a gal3 mutant, a 400-fold reduction in the total Gal80p concentration from 0.05 lM (that is about 0.00013 lM) is necessary for 50% of the maximal induction of Gal1p. This simulation did not take into account the signal transducing property of Gal1p and therefore the observed induction of Gal1p is solely due to a reduction in Gal80p concentration. A chance decrease in Gal80p as large as 400-fold is very unlikely and accordingly no induction of GAL genes is observed in a gal3 strain growing in the absence of galactose. To estimate the Gal80p decrease necessary to induce LTA, we simulated the expression of Gal1p as a decreasing function of total Gal80p concentration in the presence of a fixed concentration of galactose. As mentioned before, in the absence of Gal3p, Gal1p acts as a signal transducer in response to galactose and can sequester Gal80p in the cytoplasm. This simulation demonstrated that only a twofold reduction in total Gal80p concentration (0.025 lM) is sufficient for 50% induction of Gal1p (Fig. 2, curve ''b'' ), leading to a highly ultrasensitive response. The ultrasensitivity is attributed to the positive feedback associated with autoregulation of the degenerate signal transducer Gal1p. Is a twofold drop in Gal80p concentration alone sufficient to explain the initiation of LTA? Since srb10gal3 cells do not show LTA [27] , we suggest that a twofold drop in Gal80p is a weak signal and phosphorylation of Gal4p by Srb10p would be necessary for the transduction of this response. That is, if SRB10 were to be absent, then a drop greater than twofold in Gal80p would be necessary to show 50% expression.
According
When gal3 cells divide, Gal80p gets partitioned between daughter cells. During this process, Gal80p gets distributed to yield a distribution of cells having different concentrations of Gal80p. Fig. 3A shows distribution of gal3 cells containing different amounts of Gal80p in a gal3 population. First, we consider a distribution for a random partitioning of molecules [35] between two daughter cells, which is 88% of cells with ±25% of the normal concentration [17] . For our analysis, we Fig. 2 . Expression of Gal1p as a function of decreasing total Gal80p concentration in a gal3 strain at steady state. Curve (a) represents expression of Gal1p in a non-inducing non-repressing medium. Curve (b) represents expression of Gal1p in the presence of galactose through the signal transducing property of Gal1p. It is to be noted that the ultrasensitive response observed in curve (b) is due to positive feedback caused by autoregulation of Gal1p. The Gal80p concentration of 0.05lM prevailing in a non-inducing non-repressing medium was used to normalize the total Gal80p concentration. This simulation was obtained using the model developed by Verma et al. [24] . The model is based on steady state analysis assuming equilibrium interactions and molar balances on component concentrations. In the current analysis, GAL3 was substituted by GAL1 as a signal transducer in a gal3 strain.
have considered a threshold of ±50% variation in Gal80p concentration to yield a 99.2% of cells having Gal80p concentration in the range of 0.025-0.075 lM. (total Gal80p concentration is 0.05 lM; see [40] ). Curve ''b'' in Fig. 3A represents such a distribution with about 0.8% of gal3 cells with less than 0.025 lM and greater than 0.075 lM (that is 0.5 times and 1.5 times the normal concentration) of Gal80p, respectively. It can also be noted that curve ''a'' represents a stringent distribution with 0.03% and curve ''c'' represents a broader distribution with 12% of the cells with less than 0.025 lM and greater than 0.075 lM. Since the normal Gal80p concentration shuts off the induction completely, it is obvious that cells with higher than this concentration will also not express (that is right side of the distribution in Fig. 3A ). Fig. 3B shows various distributions of cells with less than the normal concentration of Gal80p and the steady state Gal1p induction profile at various Gal80p concentrations in presence of galactose. The figure indicates that the distribution represented by curve ''b'' would have about 0.4% of the cells with less than 0.025 lM and is capable of expressing more than 50% of the wild type Gal1p concentration. While a distribution represented by curves ''a'' and ''c'' shows that about 6% and 0.015% of the cells would express 50% of Gal1p concentration. Fig. 3C shows the percentage of cells with various fractional expressions of Gal1p and the shaded area represents 0.4% cells (4 in 1000 cells) that can express greater than 50% of Gal1p. Our simulation results agree with the experimental observation that only a fraction of gal3 cells exposed to galactose start growing in galactose medium [9, 27, 36] .
In most of the previous studies, it has been tacitly assumed that all the gal3 cells in a population express GAL1 in response to galactose in a slow manner leading to LTA. Our explanation is that in most cells induction does not occur at all, except in a very small fraction, where induction occurs to different extent depending upon prevailing Gal80p concentration. A critical test of our hypothesis is that it should be possible to predict the delay of two to three days observed in gal3 cells if we know the fraction of gal3 cells destined to induce the GAL system (cells which have received low Gal80p molecules) at the beginning of a growth experiment. If 4 in 1000 cells are expressing 50% of Gal1p, then it will take approximately 48 h to reach a cell density of 10 7 cells, with a doubling time of 2 h. While if 60 in 1000 cells were to express Gal1p (corresponding to a distribution indicated by curve ''a'' of Fig. 3B ), then it would take only 8 h to reach a cell density of 10 7 , which is not observed. Further, if 0.1 in 1000 cells were to express Gal1p, it would take 53 h. This analysis shows that the distribution represented by curves (a) and (b) in Fig. 3 is more probabilistic, since LTA gets manifested anywhere between two to three days.
It was hypothesized that a signal originating from mitochondria is required for the activation of Gal1p for a gal3 strain to establish LTA [29] . It has been shown that gal3 cells pre-grown on glycerol form infrequent colonies even if mitochondrial function is destroyed [27] . Based on this, they suggested that the mitochondrial function in the establishment of LTA has to be reinvestigated. We suggest that when gal3 strain is inoculated into a medium containing galactose as the sole carbon source, initially it does not utilize galactose. Nevertheless, under these conditions, the strain can multiply albeit at a slow rate, using other components such as amino acids as a source of carbon [36] for which mitochondrial function is essential. As Hatched area represents total number of gal3 cells expressing more than 50% of Gal1p. This is equivalent to 4 in 1000 cells. The Gal80p concentration was normalized by 0.05 lM, which is the concentration prevailing in a noninducing non-repressing medium. Curve (a) was obtained by setting n = 20 and k = 1; curve (b) was obtained by setting n = 12 and k = 1.01; and curve (c) was obtained by setting n = 6 and k = 1.06. It should be noted that lower the value of n broader is the distribution. The cell distribution was normalized by the maximum cell number obtained at x = 1. The cumulative distribution of gal3 cells at different Gal80p concentration is assumed to follow the function N ¼ x n x n þk n , where x is the normalized Gal80p concentration, k is a parameter which indicates the Gal80p concentration attained by half of the population and n is a parameter indicating the spread of the distribution. The derivative of the above function yields absolute gal3 cell distribution as a function of total Gal80p concentration. the cells go through few divisions, 0.4% of gal3 cells receive at least twofold less Gal80p due to stochasticity. Such cells are poised to take off immediately upon exposure to galactose even if mitochondrial function is impaired. Accordingly, the presence of infrequent colonies observed by Rohde et al. [27] reflects the proportion of cells that have received less Gal80p during pre-growth on glycerol.
According to our view, mitochondria are essential for gal3 cells to grow initially on non-fermentable carbon sources such as amino acids, which offers an opportunity for the development of heterogeneity in gal3 cells with respect to Gal80p concentration. Therefore, we conclude that mitochondrial function is indirect but indispensable for gal3 strain to exhibit LTA if cells are pre-cultured in glucose but not if pre-cultured in glycerol. The reason for this is not because mitochondria are not important, but the heterogeneity of gal3 cells with respect to Gal80p concentration has already occurred during the pregrowth on glycerol. On the other hand, even if heterogeneity with respect to Gal80p occurs in gal3 cells pre-grown on glucose, they will not be able to recover from glucose repression of GAL4 and mitochondria on a medium containing ethidium bromide. Accordingly, gal3 cells pre-grown on glucose cannot initiate LTA in the absence of mitochondria unlike the glycerol pre-grown culture.
GAL gene induction is not observed in gal3 cells defective in galactose catabolic pathway [31, 29] . The induction of the GAL system cannot be detected, since the number of gal3 cells in a population that can induce GAL genes in response to galactose is of the order 1 in 1000, as discussed above. Second, these cells cannot grow on galactose due to the accumulation of sugar phosphate resulting in toxicity [37] . According to this view, the functional galactose metabolic pathway is not required for gal3 cells to initiate LTA. Instead, the defective galactose metabolic pathway in gal3 cells only prevents it from exhibiting LTA.
We propose that following sequence of events occurring during the manifestation of LTA (see Fig. 4 ). (i) Mutant gal3 cells inoculated into a medium containing galactose initially divide by utilizing non-fermentable carbon sources such as amino acids. For this to occur, mitochondrial function is essential. (ii) Under these conditions, cells containing different concentrations of Gal80p would be generated as a consequence of intrinsic and extrinsic noise. It is known that growth on non-fermentable carbon sources results in asynchronous growth [38] , thereby increasing the occurrence of heterogeneity in gal3 cell population. (iii) This heterogeneity will result in the generation of weak induction signal, which will be transmitted to Gal4p through the phosphorylation of S699 by Srb10p, resulting in the establishment of LTA. (iv) Finally, the block in galactose catabolic pathway will not allow LTA to get manifested due to toxicity. In conclusion, the fundamental molecular basis of LTA is Fig. 4 . Schematic representation of the molecular basis of LTA in population of gal3 cells. A gal3 mutant strain inoculated into a medium containing galactose as the sole carbon source goes through cell division albeit at a slow rate using amino acids as the carbon source. During this process, a small fraction of cells receives Gal80p less than 0.025 lM (thinly shaded cell), which is required to keep Gal4p in an inactive state. This decrease in total Gal80p results in a decrease in the nuclear Gal80p concentration to a level just sufficient for Srb10p to phosphorylate S699 of Gal4p to induce the transcription of GAL1. This results in Gal1p expression, which in turn sequesters Gal80p in the cytoplasm. This will initiate an autocatalytic induction cascade leading to the long-term adaptation phenotype.
the heterogeneity in gal3 cell population due to an epigenetic change in Gal80p concentration brought about by stochasticity.
GAL regulatory network: a paradigm for design principle
LTA is a unique example in biology wherein a genetic defect is suppressed by epigenetic changes due to stochastic variations in Gal80p concentration. It has been experimentally demonstrated that the genetic background of the strain indeed contributes to the molecular noise [22, 13] . Our analysis suggests that the manifestation of molecular noise can get uncovered under specific genetic background if the regulatory network is inherently sensitive. As mentioned in the introduction, gal7 and galk mutants of K. lactis and E. coli, respectively, express GAL gene constitutively due to a build up of endogenous galactose above a threshold value. In the above strains, the basal expression of UDP-galactose-4-epimerase is indispensable for endogenous production of galactose [6, 7] . Accordingly, inactivation of epimerase abolishes constitutive induction in gal7 and galk mutants of K. lactis and E. coli. The genetic background, which confers constitutive expression, not only renders the cell incapable of growth on galactose as a sole carbon source, but also confers a distinct disadvantage due to unnecessary diversion of metabolic energy for the synthesis of GAL enzymes when not required. Thus, these mutants are incapable of distinguishing between the authentic signal (extracellular galactose) and noise (endogenous galactose) and it appears that the genetic GAL regulatory network of E. coli and K. lactis has not evolved to circumvent this inherent problem in the structure.
Unlike K. lactis and E.coli, neither galactokinase nor uridyl transferase mutants of S. cerevisiae constitutively express GAL genes because of the absence of endogenous galactose due to the lack of basal expression of epimerase. This is supported by the observation that in K. lactis, the switch works in a similar manner as that of S. cerevisiae, but K. lactis does not have a GAL3 homolog [2] . Instead, the Gal1p (galactokinase encoded by GAL1) is the signal transducer and as expected has a significant basal expression in K. lactis, whereas in S. cerevisiae the basal expression of GAL1 is absent. GAL3 is a paralog of GAL1, which originated during the whole genome duplication of S. cerevisiae [39, 40] . The fact that GAL3 is retained with a detectable basal expression despite the extra genetic load further suggests that its purpose is to abolish the basal expression of GAL genes to eliminate the production of endogenous galactose (a source of molecular noise). Therefore, retention of GAL3 during evolution has prevented fortuitous induction, without sacrificing the important feature of being sensitive to constantly changing galactose concentration as well as stochastic variation in Gal80p concentration.
A frequently asked question is can evolution lead to an efficient and reliable design in regulatory networks. Recently, using genetic selection as an approach it has been demonstrated that such structure can evolve to an optimal design [41] . Dynamic analysis of Trp system in E. coli [23] and GAL system in S. cerevisiae [42] also demonstrates that the complexity residing in such networks indeed can evolve towards optimum performance. Our analysis reveals that the GAL genetic regulatory network of E. coli and K. lactis has evolved to give rise to a near perfect and reliable design as seen in S. cerevisiae. Here, a genetic alteration in the signal transduction pathway (in this case a mutation in GAL3) causes only a delay in the galactose utilization system.
Conclusions
In general, biological systems are robust and therefore maintain homeostasis despite constantly changing environmental conditions. Robustness is evolved solely for yielding a dedicated all or none response, a desired property that resists constantly changing intra-or extra-cellular perturbations. However, robustness need not always be advantageous to organism that has to respond to constantly changing nutritional level. It is becoming increasingly clear that biological systems are also endowed with sensitive regulatory networks to cater for such needs. For example, this property allows S. cerevisiae to control the expression of GAL genes in commensurate with the availability of galactose, thus economizing on the availability of cellular energy. The flip side of this sensitivity of regulatory network is that genetic changes make it more susceptible to molecular noise, which can be advantageous or disadvantageous depending upon the cellular context. It has been reported that increased incidence of benign tumors in individuals with a mutation in one copy of NF1 gene is probably due to an increased noise to signal ratio caused because of haploinsufficiency [13] . Haploinsufficiency of tumor suppressor genes, which cause various phenotypes [43] , could be a consequence of not only increased signal to noise ratio but also dependent on the sensitivity of the regulatory network. This can result in a transient or a permanent new phenotypic state such as cancer. Long-term adaptation phenomenon is such an example of establishment of a new phenotypic state. Analysis of this unusual phenotype has revealed that a chance decrease or increase of regulatory factors (epigenetic) can modify the regulatory program provided the regulatory network is sensitive but not robust. As a corollary, if one wishes to unearth molecular noise it may be necessary to look for regulatory networks that are sensitive but not robust.
